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ABSTRACT

uroup 67 hius designed and built an isoplanometer. an instrument which remotely senses the isoplanatic angle

associated with short-term atmospheric conditions. Verification of the instrument required nighttime testing

using stellar sources to measure current atmospheric condition,. Preliminar\ results from a verification

experiment and a brief description of the instrument are presented. Full instrument verification require,

locating the instrument at a better astronomical site: iherefire. our data should not be considered a valid

characterization of the atmospheric conditions in Lexington. Massachusetts.
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PRELIMINARY EXPERIMENTAL MEASUREMENT
OF ISOPLANATIC ANGLE

1. INTRODICTION

Group 67 has designed and built an isoplanometer, an instrument A*hich remotely measures the
isoplanatic angle associated *ith atmospheric turbulence conditions. The isoplanatic angle is loosel\ defined
as the angular field over vhich the spatial transfer function of the atmosphere can be assumed to be invariant.
The theory and design of the isoplanometer are detailed in .s .,eparate document. 1 Here. a brief review ol the
theor\ and a description of the instrument constructed are given. Isoplanatic angle data are presented for a
single measurement se',sion. taken fron the A-building roof of Lincoln Laboratory on 25 Jul\ 1988.
Measurement procedures and instrument verification tests also are discussed. This report document,, the
operation of the instrument t hich was designed to operate onlk under "good" atmospheric seeing
conditiows. but does not document atmospheric conditions in Lexington. Massachusetts. These preliminar\
measurement, should not be used as verified data.

II. TINORY

For completeness. %ke re\ ie\N the theory used for these measurements. The basis of the theory is the
relationship (first suggested b\ Loos and Hogge2 betwveen the observed intensity fluctuations of starlight and
the isoplanatic anL,. The rc.,ulting measurement technique is indi:ect.- a crucial point since a direct mea-
surement wxould require a large amount of airborne equipment at considerably greater complication and
expense.

Considcr a telescope whose aperture has been apodized by a circularly symmetric, spatially var inc
intensity mask. Let the intensity transmittancc of this mask be defined by P(p), *here O <P(p) 5< 1. and pi
the radial distance to the center of the mask. The optical pow*er collected from a star viewed through thi,
apodized telescope is denoted as S. Atmospheric turbulence causes starlight intensity to vary (tv*inkle):

therefore. S is time variant. It can be show*n that the normalized variance of the received intensity fluctuations
of a star observed through thc apodized telescope aperture is given byt

ctO:, =4( 27t)(0.33sec A-O)kAj CnztW z)dz

%k here

A = 27t i p P(() dp

k = 2rt/,\ (A yie\ inc .,. aveleneth i

d) = viewed zenith ancle of the star

z = slant range distance to the star

Citz) = refractive structure parameter of the atmosphere measured along the slant range
path to the star



W(z = dp pJ(Lp) P(Lp) L-1 1 sin[ JdL

Equation ( I ) explicitl\ indicates that the normalized variance is a function of both zenith view ing ange
5. and viewing wa\elength X (k = 2Tr/X). The wavelength dependence. however, is a small second-order
effect. and thus the wavelength dependence of () will be dropped.

Equation (I ) was d'-ived under the assumption of weak scattering, but the result is known to remain valid
even outside this regime. 3" There is some o value, however, beyond which Equation ( I ) is no longer correct.
This maximum value is a function of the mask P(p). and its determination is an area of active research. When
o- is less than the allowed maximum, the normalized variance is said to be unsaturated. and the reults of the
isoplanatic angle approximation presented below are considered valid.

The isoplanatic angle 0 measured along the slant path z is given bv's

( ,, =0.527k LJf C-n(z) Z 5 3 dz ]- radians (2)

The zenith-angle dependence is inherent in the slant path z. If an apodizing mask P(p) can be chosen such
that W'z) _ cz- . then it follows from Equations ( 1 ) and (2) that the observed starlight intensit\ fluctuations
can be related to the isoplanatic angle by

0o (OZ .),) = 12.9 sec-8/5 (0,) A -6/5c
3 / 5 [,5 ()]-3/

which is the desired result.

A mask satisfying W(z) _ cz 51" at a wavelength of X = 5000 A was found by an exhaustive search
algorithm. The search was restricted it binary masks [i.e.. P(p) = 0 or 1], since they are easier to fabricate.
The masks examined were required to fit on an 8-in-diam. Celestron Schmidt-Cassegrain telescope to be user'
in the experiment. The telescope has a 2.8-in-diam. secondary mirror obscuration: therefore. P(p) = 0 for
p < 1.4 in. Figure 1 shows the mask solution obtained by exhaustive search. The black areas of the mask are
totally obscuring: the white areas are assumed to be 100-percent transmissive. The radii of the optimum mask
are as follows:

Central obscuration 1.4-in radius

Telescope diameter 4.0 in radius

Innermost clear aperture From 1.472- to 1.726-in radii

Second clear aperture Fron' 2.476- to 2.726-in radii
Outermost clear aperture From 3.226- to 4.(X)0-in radii

2
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Figure 2 shows the corresponding percentage error in approximating the .z5 profile b,, adjusting \V i.

plotting [W, zKlc - ]* 100. The value cf A for this mask is 0.0156 m-'. and the value for c i sK, 4
10 y1 m. As seen in Figure 2, the approximation error is quite small. At zenith angles less than 60'. and und;

all but the most severe atmospheric conditions. contributions to Equationr. (2, are insignificant out ,ide (1.5 to
40 ki. Errors are less than +3 percent over the most crucial 0.5- to 20-km range.\ here the C- profile Is1,, no,
significant under "good" atmospheric conditions.

Plugging in constants, for this mask the relation betv, een isoplanatic angle and stariight intensit, \ arianc
is

0 (.% = 0. 4431416 sec t ( ,0( Wadians 4

Note that the zenith-angle dependence of the isoplanatic angle here assumes that the C- profile of the
atmosphere i, ont,, , funcivn of height. or that conditions are locally constant. For poor atmospheric site\
(such as Lexington). this assumption can be in\alid.

Walters has de,eloped a technique for verifying proper isoplanometer operation Data are collected b\
rapidi\ (e, er\ fewA minutes changing between stars with different zenith angles. Equation I ) indicate,, tlat
a log-!og plot of normalized variance \ s zenith angle. as shown b\ Walters. should be linear A, ith a slope of
8/3. The degree to w hich the measured data points fit this linear plot serves a, a test of proper isoplanometei
operation. This is valid. hovk e\ er. onl\ ifl I ) the normalized variance is not saturated. and (2) \ when C is onl\
a function of height. If the atmospheric conditions are constant over long periods, an equivalent method is
to track the same star a, zenith angles change: ho\, ever. "constant" atmosphere is rarel\ the case. e\,en for
good astronomical site

3
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III. THE INSTRIMENT

The experimental setup i, shoAn in Ficurc 3. The primar\ components cOFIsis ol a Celestron 1-in 1' -

Schmidt-Casseurainian telescope. an apodiziLng mask, an optlial detector assemhl\, a hieh-\ h.c p, c:
suppl', processin electronic,,, an oscilloscope, and a computer controller. The opt)cal detc,tior a,,,cm N_\
consists of a black anodized aluminum tube s, hich contain,, a beamspl iter. a 25-mm reticled e\epiL.. ,i
narrowband filter. and a photomuasiplieltube. as shown in Figure 4. Staright pas,,es through the ma4,,

through the telescope. and hits the beamsplitter. A portion of the light is ,.p!it off to the e\epiecc. khi'h -
used for alignment and tracking purposes. The exact amount of light split off is not important. since the
isoplanatic angle calculation is independent of the absolute signal leel. The remaining light passes throu,.h

a IO0-A-wide optical filter centered at 50((0 A. T he resulting light is placed on a photomutiplier tube PNI-I]

In order to increase the imace size on the tube, the PMT is placed nominall\ at I in behind the back local plane

of the telescope. Using a larger than diffraction-limited spot reduces the effects of PM1 nonunifornme,. ihe

PMT (an Oriel 77340) is powAered b\ an Oriel model 7070 high-voltage pover suppl\ and current norI.

fhe electronics unit 'was designed b\ E. _oiagiuri t cFt-J e-rtain statistics of the outout current sinal

from the PMT. It consists ofa transimpedance amplifier, followed by a voltage amplifier. variable-bandx idth

5-pole loA -pass filter, 12-bit A/D converter, and interface logic. The A/D samples the resuhltin signal at a

]-kHz rate. and digital logic computes the sum of the samples and thc sum of the square of the samnples. The

bandwidth of the scintilations rolled off below 300 Hz. therefore no aliasing should haN e occurred. The,

scaled versions of the first and second moments of the rcceived optical po~ker S are transmitted acros an

IEEE-488 bus to the IBM-AT computer controller. A Hitachi 6301 microprocessor controls the interface

and the triggering of requests from the controller. The digital processiig could have been done b\ the

IBM-AT alone: howe, er, the AT was intended to control another device simultaneoush\. and it was therefore
determined to offload the eas . but software time-consuming task to a dedicated hoard. The input to the



AID (the loA->, i titered. scaled version ot the PkIT output) Was, also sent to an oscilloscope. which pro\vided
a useful d',nostic aid. B,. triggerine, the electronics unit, the AT returned the sum of the samples (denoted

aid the sum squared of the samples, (denoted Ix, ,

Based oin N =1000 samples. the AT first calculates the normalized variance defined as

N 1N -h

LN

In this equainon. ci Is the A/D scaling constant, and b is the sk\ background le\ ci ~ ihmust he subtraicted
trorn the mecan since ii is unrelated to the starlignt. and otherwkise \ ouldl decrease the x ariancc. Thle \,1I olu
h 1, 011PUted as the arithmetic mean ot fiv\e samples of the backeround level taken just out Of thee fid-ot-

wek ot the ,tar to he tracked. Next, the ra, k isoplanatic angle fi d). is computed h\ [taiiete norniahied
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%arian,_e. FMnAllv the rax isoplanatic '*rite is converted o~ a zenith-correceU isoplanatic angle 0t ((i.A h\
dividing, the raxx isoplanatic angle b\ SL. ~I

IV. VERIFICATION

The isoplanometer xx a, calibrated in two stages - first electrical]\ an d then opticalx\. Firs'. an HP7 562'A
dynamic signal ana!yzer xxas ,used toelectric:all \ vrifx the tra nsimpeda.,ce amplif'ier/x oltage amplifier/f'ilter
combination in the electconics unit. In order to emulate th- PIT output. a i-M1 ,rie,,resistor was used (
convert the signal generator x oltagc source to a current source. Gains and offset,~ xere trimmed a,
appropriate. The current-lo-votage transfer funct ion of the eictronics unit ishnrIn Figurr -1 TI.C ?-dB
point is sufficientl\ high to pas s near'\ all stellar ifltensitx fluctuations. Fhi, low.-pass, filter limited PNMT
noiseand reduced sample aliasing. Noisemeasurements verifx that PIT shot noise isxelbeloxx sampling
resolution.

Nexi,a function Renerator \%a,, connected to the electronics unit. and a square xx axe of knoxxn r ipiltudc.
trequenc\. and DC offset xx as input. It \xa,, verified that the isoplanormeter v stemi properly compated th.:
mean % ariance. and normialized \vai "ice statistics of this %k avefom.

Finalx I. the sceup shioxkn in Figure 6 xxa- used to perform an euluix alent optical calibration. AlHeNe Lser
xas sent throuc,-h a 50 05( choppr x- hkliel, and the chopped bean Ix\ as di rected t hrougLh the te les,.ope and on

to the PNIT. The AVD Input si ,nal from the eie, trcics, unit xx as obsorx'ed on the o;scilloscLope, and 't xx a'

vecrifieu that the correct %ttst N xe rc computed

V. THE EXPERIM.ENT

1.nfortunatel\ . the instrument tests origiall\ planned for Mt. Wxilson xxere canceled due to the LU! U
program funding cuts, A comparison run Af our instrument x ith Professor Don Walters, isoplinonier xxAN

similarl\ canceled." Uncooperativ e xv eather coniditions in Lexington. Massachusetts durinLe the month ot
July permitted onlx three cx ening-s of measurements,. txvo of xxhich xxere required ito debug the etup. Data
collected on the remainne exening of 25 Jul\ 1988 are reported and anav\zed in Section \L

The experimental procedure xk as as folloxx s. First. the telescope, \v, set up onl the A-buildlng oaf at
Lincol'n Laborator\, leve led, and polar alined. Polar alignment \x as close enough so that the Celestroii righit-
ascen .ion trackine, drive maintained track over the duration of each measurement. StartinLe xvith a briLht Ital
usual)v Arciurus or Veea f. the PMT bias voltage wtas set at apprwox1rnatel\ 70(0 V. For each star mea' ured.

,he actual voltage %.k as adjusted so that the nput to the A/P avera[ged about 4 V. as, obser' ed on Thc
oscilloscope. The oscilloscope alko verified that the peak intensity fluctuations (lid not exfoed the >iturationl
x'oltaLe of the AD l 10 V). The IBMI-AT soft"ware "was started, and the relevant parameters xkere inputI
manuallx. The program then requested that the iclescope field-of-view be set to the background. \,\ here fixec
backoround samples \Aere taken. avreraged, and stored. The telescope wvas repositioned on the ,tar, and the
mieasurement process began, The IBM-AT recorded local time, background level, mean ai d variance from
the electronic, unit, raxx and corrected isoplar itic angles, and the zenith anel1e.

Nominallx. 5min of continuous data wAere taken per star measurement. Each trial consisted of N' = 101
samples taken at a I -kHt rate. fr a total of I s of data. The system could manage approximatel\ 501 trials
per minute. A subtle problem in the electronics unit prex'ented continuous measurement. Once a set of trial'
usuall 20(0 or 2501 Axas completed. another star xx as chosen and the process was, repeated. We sxxk Itched

.7



bet" een a single Pa Irof' stars.. ha\ving different zenith angles. approximatelI\ once ever\ 10 miri. Our izoalI

wkas !o verif\ tle zenith-angle dependency dlescrihed in Section II [Equation t4J]. On the evenini- of 25 Jul\
1988,". it vAas possible to complete approximatel\ 50 runs betwkeen 9:30 p.m. and midnight.

VI. RESULTS

The data taken on the evening, of 25 July 1988 are given in Figures 7 througn 11. Measurements %kere
alternated between the stars Arcturus and Vega. switching approximately ever,\ 10 min. From 'Q:30 p.m. to
12:00 p.m. local time. the zenith anale for Vega went from 24" to I I ". w.ith a minimum Of O ,cur-rne about

11:00 p.m. Arcturus went from 37(' to 70" during the same period.

Figure 7 shows the averace zeni th -corrected isoplanatic angle for each I10-mmn measurement session. It
local atmospheric conditions are constant. then the average values on consecutive measurements. should be

identical for the tv o stars. How,\ever. this i, not the case in Figure 7, except early in the ev ening wAhen both
stars ha~e small zenith andles (less than 30"1. There are ,"o possible explanation,, for this discrepanL'. -OneL

is that the turbulenc:e on) that e~ eninLe mioht not h' ,-e been direction independent (I.e.. C - v as a fuoctionl ot

location and height, rather than just location

A more plausible explanation is that the turbulence wNas strong and. consequentl\. the normiali/ed

X anianCe \ as, saturated In this situation, the isoplanomneter theor\ presented in Section 11 is no longer \alid.
and Equ. "Ion (4) cannot be used. Note that. fcr large zenith angles in strong turbulence, the normnalized
\ariance "\ill saturate and, thus, the isoplanatic anglle \AlH be everestimated (as in Figure 7). Pre'~ ou,
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isoplanometers built b, \\alters begin to saturate at normalized variances of about 0.05 (see p. 86 In
Reference 3 t. While tracking the star Vega normalized % ariances were about 0.02 to 0.03. However. while
tracking Arcturus. normalized \ ariances were 0.06 or above after the initial data set. Note that the isoplanatic
\ alues for Arcturus are higher than those for Vega: under saturated variance conditions, the isoplanatic angle
,A ill be o\ erestimated. It is plausible that the instrument was correctly calculating isoplanatic angle earl\ in
the evening, and later for Vega onl,. Arcturus values later in the evening were saturated, and therefore
incorrect. Hoykever. this cannot be stated as a certaint\.

Figures 8 and 9 sho\, the complete isoplanatic angle data collected for Vega on the evening of 25 Jul\
1988. Figures 10 and 11 shov, similar plots for Arcturas on th. same night. Note that. on these plots.
dropouts" are apparent. These represent tracking errors (telescope not staying aligned on the star) or. in some

case,,. cloud, interfering %\ ith the measurement. Such effects w&ere taken out by post-processing. and arc not
reflected in the analysis here.

Figures 12 and 13 plot the normalized variances vs the secant of the zenith angle on a log-log scale, as
suggested by Walters.'( for both data sets, and for Arcturus only. The slope of the linear fit is belo, the
predicted 8/3 value, a result consistent with a saturated normalized variance.

Finall\., Figure 14 shows the saturation isoplanatic angle as a function of zenith angle. Data points abo\ e
or to the left of the saturation line are considered valid: those belos, or to the right of the line are considered
not \alid. Note that all data for Arcturu, are wkithin the invalid region. while data for Vega arc either
unsaturated or marginal. Therefore. comparing estimates of isoplanatic angle made with Vega v, ith those
made from Arcturus is invalid. Also note that it'a full\ operational instrument existed, this technique could

be used to predict poor atmospheric conditions (i.e.. as lo\, as 4- prad angle at 0.5 prm (. as long as a reasonabl\
brieht star existed at zenith angle less than 38".

VII. CONCLUSIONS

Group 67 has designed and built an isoplanometer. The theory of this device is based on the vsell-kno\ in

scintillation averaging approach. The device was operated in Lexington. Massachusetts for verification
purposes. Lexington is a poor astronomical site. and often exhibits a high level of turbulence. Consequently.
isoplanatic angles can be ver\ lo%, and the normalized variance may saturate under almost all conditions in
Lexington. The instrument w as designed to accurately measure isoplanatic angle when the angle is abo,, e
approximatel\ 5 to 6 lirad at 5000 A. the approximate requirement for the LITE experiment. Initial plan,
for de% ice verification included co-location with another isoplanometer at a high-quality astronomical site.
where isoplanatic angle levels Aould reach 7 to 10 l.rad at 5000 A. The wvavelength scaling to (0.86 pIm (the
LITE operating wavelength) would be a factor of 1.919. giving isoplanatic angles above 14 pirad at this
ssavelength at a good site. Unfortunatel,. this extensive verification was not possible and. therefore.
verification of device operation A a,, not completed. However. results indicate expected operation under the
given conditions in Lexington. Verification testing of this instrument would therefore require that it be placed
at a "good" astronomical site. such as the Mount Wilson Observatory.

It should be noted that Rein Teoste and Jim Dalev of Lincoln Laboratory's Division 5 have performed
isoplanatic angle measurements at Firepond using an instrument built by Don Walters. They reportedI

isoplanatic angles on the order of 5 pirad.

9
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